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ABSTRACT 


HamisphArical  apeclnaas  of  AGOT  and  ZT  graphites  ware  exposed  to 
flowing  streams  of  nitrogen,  argon,  carbon  monoxide,  and  carbon  dioxide 
generated  by  a  plasma  torch,  and  erosion  rates  were  determined.  It  was 
found  that  all  gases  erode  the  graphites  to  a  substantial  extent  with 
carbon  dioxide  being  especially  destructive.  It  Is  concluded  that  chemical 
reaction  and  mechanical  abrasion  (drag)  are  equally  Inportant  parameters 
contributing  to  the  overall  erosion  rate. 

Electrically  heated  filament  specimens  (25<nall.  diameter)  of 
tantalum  carbide  (TaC)  were  exposed  to  carbon  dioxide  in  the  high-pressure 
bomb  and  In  the  vacuum  reactor.  Losses  were  determined  under  a  variety  of 
test  conditions. 

A  technique  for  fabricating  niobium  carbide  (NbC)  wires  was 
established,  and  production  of  filaments  for  future  reaction  studies  was 
started. 

Specimens  of  pyrolytic  graphite  are  being  produced  In  an  arc- 
image  furnace  by  methane  deconq>osltlon  from  flowing  streams  of  methane  and 
nitrogen  on  hemispherical  AGOT  substrates. 
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I.  INTRODUCTION  AMD  PROCEDURE 

This  third  quarterly  progress  report  for  Contract  MOrd>15S36 
(modification  22)  describes  work  done  during  the  period  1  February  1963 
through  30  April  1963.  The  objective  of  this  program  la  to  study  the 
reactions  of  AGOT  graphite,  tantalum  carbide,  and  niobium  carbide  with  CO2, 
H^O,  HCl  and  HF.  In  addition,  ZT  graphite  and  pyrolytic  graphite  are  also 
to  be  studied.  BF^  la  also  being  considered  as  a  reacting  gas.  AGOT  graphite 
Is  a  high  purity  grade  graphite  of  total  ash  content  less  than  0.1%.  Density 
of  AGOT  Is  1.7  gms/cc.  ZT  graphite  Is  a  higher  density  grade,  1.95  gms/cc., 
but  less  pure,  0.25%  maximum  ash  content.  Pyrolytic  graphite  approaches 
theoretical  density,  2.2  gms/cc.,  and  Is  of  very  high  purity. 

Erosion  rates  of  the  graphites  were  measured  by  exposing  specimens 
to  the  hot  gases  generated  by  a  plasma  torch  (Thermal  Dynamics  Model  F-80) . 

The  specimens  were  hemispherical  In  shape  and  0.5-lnches  In  diameter.  The 
plasma  torch  nozzle  was  also  0.5-lnches  in  diameter,  and  speclmen-orlflce 
stand-off  distances  used  were  0.25  and  0.5  Inches.  Seaford-grade  nitrogen 
was  used  as  the  primary  plasma  gas  In  the  torch  to  extend  electrode  life; 
reactive  gases  were  mixed  with  the  hot  nitrogen  downstream  of  the  electrodes 
and  upstream  of  the  orifice.  Erosion  rates  were  established  by  weighing  the 
specimen  before  and  after  exposures  of  known  duration.  The  effects  of 
temperature  rise  and  decay  which  occur  respectively  at  the  start  and  finish 
of  exposure  are  not  accounted  for,  but  are  only  important  in  short  duration 
(less  than  30  sec.)  exposures  to  inert  gases. 

Reactions  of  the  carbides,  TaC  and  NbC,  are  being  studied  at 
various  pressures.  The  carbide  specimens  are  produced  In  this  laboratory  In 
the  form  of  wires  25  mils  in  diameter.  TaC  sample  preparation  has  been 
described  previously*;  NbC  sample  preparation  is  described  elsewhere  in 
this  report.  The  carbide  wire  test  specimens  are  subsequently  used  as 
electrical  filaments  In  an  AC  circuit  and  are  brought  to  temperature  by 
direct  resistance  heating. 

*1.  Atlantic  Research  Corporation,  "Chemical  Reactions  Between  Propellant 

Gases  and  Nozzle  Materials"  (U), Second  Quarterly  Progress  Report,  Contract 
NOrd  15536.  Modification  22,  February  13,  1963. 
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The  apparatus  used  for  the  high  pressure  tests  Is  shown  In  Figure  1. 
The  equipment  consists  essentially  of  a  cylindrical  optical  bomb,  3  Inches  ID 
by  12  Inches  high  and  a  manifold  system.  All  equipment  Is  stainless  steel  and 
designed  for  operation  to  5000  psla.  The  bomb  Is  fitted  with  two  cylindrical 
quartz  windows,  two  Inches  thick,  diametrically  opposed,  providing  a  2-lnch 
diameter  viewing  port  from  either  side  of  the  bomb.  The  system  Is  purged 
several  times  (generally  four)  at  400  psl  before  commencing  the  run.  The 
reacting  gas  Is  Introduced  at  the  desired  pressure,  and  a  voltage  Is  applied 
to  the  filament.  During  the  course  of  the  experiment,  the  temperature  is 
measured  and  recorded  by  a  two-color  pyrometer  (Latronlcs  Model  CMB3-15214 
"ColoratioV)  and  a  Varian  Associates  Model  GllA-type  A2  recorder.  The 
filament  temperature  Is  held  constant  by  adjusting  the  current  through  the 
filament  during  the  teat. 

The  vacuum  reaction  system  is  identical  in  design  to  that  used  for 
carbide  test  specimen  preparation  except  that  a  water-cooled  cold  finger  has 
been  added  to  collect  volatile  reaction  products  and  the  vacuum  reactor  flask 
is  not  water-cooled.  As  in  the  case  of  the  high-pressure  tests,  the  filament 
temperature  during  a  low  pressure  exposure  is  kept  constant  by  varying  the 
filament  current.  Due  to  the  rapid  heating  and  cooling  of  the  filament,  the 
temperature  rise  and  decay  times  at  the  start  and  finish  of  the  exposures 
are  insignificant. 


II.  EXPERIMENTAL  RESULTS 

A.  The  Erosion  Rate  of  AGOT  Graphite  In  Nitrogen  and  Areon 

Hemispherical  specimens  of  AGOT  graphite  were  exposed  for  30,  60, 

90  and  120  seconds  to  Seaford-grade  nitrogen  fed  through  the  plasma  torch  at 
feed  rates  of  150,  250,  and  400  SCFH  (standard  cubic  feet  per  hour).  In 
addition,  bO-second  exposures  to  argon  at  320  SCFH  were  carried  out.  The 
tenq>erature  of  the  specimens  was  varied  from  2000  to  3000®K.  The  results  of 
these  tests  are  shown  In  Figure  2.  The  curves,  which  Indicate  variations  of 
erosion  rate  with  temperature  at  the  selected  feed  rates,  represent  weighted 
averages  of  the  data.  In  particular,  the  test  curve  for  nitrogen  at  250  SCFH 
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Note : 

HCl  and  BF3  Intakes  are  on  the  Vent  Side 
of  the  Bomb  to  Minimize  Corrosion  to 
Lines  and  Gauges  in  the  High-Pressure  Side. 

29832 

Figure  1.  High  Pressure  Experimental  Apparatus  (schematic). 
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TEMPERATURE  (“K) 


Figure  2.  The  Erosion  Rate  of  AGOT  Graphite  in  Flowing  Streams 
of  Nitrogen  and  Argon  Generated  by  a  Plasma  Torch. 
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Is  weighted  In  favor  of  the  long-time  exposures  in  order  to  minimize  the 
transient  effects  associated  with  the  30-second  tests. 

The  data  in  Figure  2  Indicate  that  erosion  rate  is  a  function  of 
temperature  and  mass  flow  rate,  that  erosion  in  nitrogen  is  more  severe  than 
in  argon,  and  that  the  rate  of  change  of  erosion  rate  with  temperature 
increases  substantially  above  a  transition  point  at  about  2600-2700*K. 

Curves  showing  the  thermodynamic  maximum  erosion  rates  to  be  expected  from 
either  CN(g)  or  C^(g)  formation  are  shown  in  Figure  3.  The  fact  that  greater 
erosion  rates  were  found  in  nitrogen  than  in  argon  despite  Che  higher  mass 
flow  rate  of  the  latter,  and  that  the  curves  in  Figure  2  are  similar  in  shape 
to  those  for  chemical  reaction  or  vaporization,  indicate  that  chemical 
reactions  are  at  least  partly  responsible  for  the  measured  rates.  The  weight 
losses  observed  in  argon  and  also  experiments  carried  out  at  low  nitrogen  feed 
rates  (and  velocity)  in  an  arc-image  furnace  (shown  at  Che  bottom  of  Figure  2) 
indicate  chat  chemical  reactions  may  not  wholly  account  for  Che  measured 
erosion  rates.  Consequently,  it  must  be  concluded  that  erosion  is  caused  by 
both  chemical  reaction  and  mechanical  abrasion.  Mechanical  abrasion  appears 
to  predominate  at  low  temperatures  (2600*K)  and  chemical  reaction  appears  to 
be  more  important  at  higher  temperatures  (2700 *K). 

To  permit  an  analytical  study  of  the  mechanism  of  loss  by  mechanical 
abrasion,  calculations  were  made  assuming  mechanical  losses  as  a  function  of 
drag.  Accordingly,  we  assume 

R=f  (D)  (1) 

where  R^eroslon  rate,  mass /time-area 

D=force  of  drag,  per  unit  area 

Defining  D  as 

D=%CpPV^  (2) 

where  CQ=drag  coefficient 

P  “gas  density,  mass/volume 
V  =free  stream  velocity,  length/time. 

In  addition  to  the  equation  for  drag,  continuity  and  perfect  gases  are 
assumed; 
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_  I- Equilibrium  Erosion  Rate  Due  to  the 
Formation  of  CN  (g)  via  the  Reaction 

35-  C  (c)  +  1/2  N2  (g)  =  CN  (g) 

for  one  Atmosphere  of  Nitrogen  at  a 
Feed  Rate  of  250  SCFH 

30 -II  -  Equilibrium  Erosion  Rate  Due  to  the 
Saturation  of  One  Atmosphere  of 
Nitrogen  at  250  SCFH  with  C3  (g) 
via  the  Reaction 

25-  3C  (c)  =  C3  (g) 

_The  Numbers  Adjacent  to  the  Curves 
at  Selected  Points  Indicate  Erosion 
Rates  that  are  too  low  to  be 
Accurately  Read  from  the  scale  at 
the  Left . 


0.0186  0.1445 


0.792 


0.0463 


2400  2600  2800 

TEMPERATURE  (”K) 
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Figure  3.  Theoretical  Erosion  Rate  Maximum  Due 
to  the  Formation  of  CN(g)  or  Cg(g). 
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m  =  pVAo  (3) 

and  p  =  PM/RT  (4) 

where  m  =  gas  feed  rate,  mass/time 

A,-  orifice  area 
M  =  gas  molecular  weight 
R  =  Universal  gas  constant 
T  =  temperature 


Taking  the  drag  coefficient  to  be  inversely  proportional  to  some  power 
of  the  Reynolds  number, 

Cp  a  (Re)“"  a  (5) 

i  m 

where  i  =  characteristic  length 
Combining  equations  (1)  through  (5)  yields 
R=f(Km^’“T),  (6) 

where  K  is  assumed  constant  and  contains  all  terms  except  m  and  X. 

From  the  appearance  of  the  curves  in  Figure  2,  the  low  temperature 

data  seem  to  obey  equation  (6)  in  that  erosion  rate  is  a  linear  function  of 

temperature  and  (SR/9t) .  is  a  function  of  mass  flow  rate.  In  view  of  this, 

m 

the  follov7ing  correlation  equations  were  found  which  represent  the  data  for 
the  exposures  to  nitrogen  at  temperatures  below  2600*K: 

m^  5  ^  1.25  X  lO"^  T  -  0.24  (T42600'’K)  (7a) 

“c,.25=  1.365X  lO'^  T  -  0.22  (T.<2600*K)  (7b) 


where, 


”c,.5  =  erosion  rate  at  0.5-inch  specimen 
standoff  from  orifice,  mg/sec. 

"*c,.25=  erosion  rate  at  0.25-lnch  specimen 
standoff  from  orifice,  mg/sec. 
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T  R  temperature,  *K 

1)2=’  mass  flow  rate  of  nitrogen,  gm/sec. 

=  571  N  exp  (-2.1xlO^/T)  (T»’2700*K)  (8a) 

C ,  .5  A 

A  exp  (-1.54xlO^/T)  (T^2700*K)  (8b) 

C,.25  A 

Equations  7  and  8  do  not  prove  that  erosion  is  caused  by  abrasion 
at  the  low  temperatures  and  by  chemical  reactlon/vaporlzatlon  at  the  high 
temperatures.  Quite  obviously,  a  modest  amount  of  chemical  reaction  occurs 
at  temperatures  less  than  2600*K  during  nitrogen  exposures,  since  greater 
erosion  rates  were  found  for  these  exposures  than  for  argon  exposures  despite 
the  higher  mass  flow  rate  of  the  latter.  Further,  a  modest  amount  of 
vaporization  is  probably  responsible  for  -the  increase  in  slope  of  the  erosion 
rate- temperature  curve  for  nitrogen  exposures  above  2600*K.  It  can  only  be 
concluded  from  the  data  that  erosion  is  caused  by  abrasion,  chemical  reaction, 
and  vaporization  and  that  these  phenomena  are  interdependent  in  a  complex 
manner.  The  relative  importance  of  these  different  phenomena  at  various  flow 
rates  and  temperatures  can  only  be  ascertained  qualitatively  from  these 
experiments.  Hore  quantitative  definition  of  the  phenomena  would  require 
experiments  considerably  more  sophisticated  than  those  employed.  Here, 
abrasion  has  been  assumed  to  be  a  function  of  drag  (equation  1),  chemical 
reaction  effects  have  been  assumed  to  be  an  exponential  function  of 
temperature  (Arrehnius  model)  and  these  assumptions  have  been  used  simply  as 
foundations  for  expressing  the  data.  Taken  in  this  light,  equations  (7)  and 
(8)  reflect  qualitatively  the  relative  Importance  of  mechanical  and  chemical 
effects,  and  thus  represent  convenient  semi -empirical,  engineering  correlations 
of  the  data.  In  particular,  the  temperature  coefficients  of  log  m  in 
equations  (8)  should  not  be  interpreted  as  activation  energies,  since  abrasion 
effects  were  necessarily  included  in  their  deviation. 

B.  The  Erosion  Rate  of  AGOT  Graphite  in  Carbon  Dioxide 

Hemispherical  specimens,  0.5  inch  in  diameter,  of  AGOT  graphite  were 
exposed  for  30  and  60-second  durations  to  mixtures  of  nitrogen,  carbon 
monoxide,  and  carbon  dioxide.  These  experiments  were  carried  out  in  the  plasma 
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torch  at  orifice-specimen  standoff  distances  of  0.5  and  0.25  Inches.  The 
experimental  procedure  consisted  of  preheating  the  specimen  for  30  seconds 
In  nitrogen,  after  which  carbon  monoxide,  carbon  dioxide  or  both  were 
Introduced  at  known  feed  rates  for  30  or  60  seconds.  The  nitrogen  was  used 
as  the  carrier  gas  in  the  torch,  with  CO  and  CO^  being  Introduced  at  room 
temperature  downstream  of  the  electrodes  In  a  mixing  chamber  placed  upstream 
of  the  final  orifice.  The  chamber  was  designed  to  produce  a  large  scale  of 
turbulence  In  order  to  ensure  complete  mixing  and  heat  transfer  between  the 
gases.  The  nitrogen  feed  rate  was  held  constant  at  250  SCFH  throughout  the 
experiments.  Carbon  dioxide  was  added  at  rates  of  50  and  100  SCFH,  and 
carbon  monoxide  was  added  at  a  rate  of  50  SCFH.  The  experimental  data  are 
given  in  figures  4  and  5. 

Figure  4  shows  the  weight  loss  suffered  by  the  specimens  as  a 
function  of  temperature  for  30  and  60  second  exposures  to  CO^  at  feed  rates 
of  50  and  100  SCFH.  The  data  Indicate  that  the  weight  loss  Is  a  function  of 
temperature,  time  of  exposure,  and  CO^  feed  rate,  all  anticipated  effects. 
The  data  In  Figure  4  were  converted  to  erosion  rates  and  corrected  for  the 
effect  of  nitrogen  by  applications  of  equations  (7a)  and  (8a).  It  was  found 
that  the  erosion  rate  is  an  exponential  function  of  temperature  and  a  power 
function  of  CO^  feed  rate  .  The  data  reduced  nicely  to  the  follov)ing: 

m^,  =50.5  (CO^)  0.683  exp  (-4850/T)  =+  m^  ^  (9) 

where 


=  erosion  rate  of  AGOT  graphite  due  to  CO2, 


mg/ sec. 


=  mass  flow  rate  of  CO2,  gm/sec. 


m  s  erosion  rate  of  AGOT  graphite  due  to  M.,  expressed 
by  either  equation  (7a)  or  (8a)  depending  on 
temperature,  mg/ sec. 


Although  equation  (9)  correlates  the  data  well.  It  must  be  realized 
that  the  effects  of  both  abrasion  and  chemical  reaction  are  Included  and  are 
Interrelated.  It  should  be  noted  that  the  tes^erature  dependency  Is  much 
less  than  would  be  expected  for  chemical  reaction  controlling  (the  activation 
energy  Is  about  40  Kcal  for  gasification  by  CO2)  but  much  steeper  than  for 
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597.02  ing  •  3016"K  □ 


Figure  4,  Effect  of  Temperature  and  Gas  Composition,  on  the 
Weight  Loss  of  AGOT  Graphite  in  Flowing  Streams 
of  Nitrogen  and  Carbon  Dioxide. 
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(3ui)  SSOI  1HDI3M 
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Figure  5.  Effect  of  Temperature  and  Gas  Composition  on  the  Weight 
Loss  of  AGOT  Graphite  in  Flowing  Streams  of  Nitrogen, 
Carbon  Monoxide,  and  Carbon  Dioxide. 
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diffusion  control  since  the  teo^erature  exponent  is  of  the  order  of  2  rather 
than  the  anticipated  0.5  for  a  diffusion  process.  Undoubtedly,  abrasion  is 
the  contributing  factor  in  the  difference  between  the  temperature  dependency 
found  here  and  that  found  in  more  classical  kinetic  experiments.  As  noted 
previously,  the  interrelationship  between  abrasion  and  chemical  reaction  is 
a  complex  one  and  can,  at  best,  only  be  defined  qualitatively.  Nevertheless, 
equation  (9)  reflects  the  inq>ortance  of  chemical  reaction  to  the  erosion  rate 
of  AGOT  graphite  in  CO^. 

The  data  in  Figure  5  largely  parallel  those  in  Figure  4  for  the 
pure  CO2  runs  providing  a  correction  term  is  used  for  the  influence  of  standoff 
distance.  This  is  apparently  a  stagnation  effect.*  The  interesting  phenomenon 
to  be  seen  in  Figure  5  is  the  surprisingly  high  weight  losses  found  for  the 
experiments  with  carbon  monoxide.  In  the  CO-N^  experiments  (curve  IV)  the 
weight  losses  are  significantly  greater  than  those  predicated  by  equations 
(7b)  or  (8b) ,  indicating  that  CO  may  be  reacting  with  the  specimen.  Although 
reaction  is  meaningless  from  a  thermodynamic  standpoint,  some  process  of 
importance  to  the  kinetics  of  erosion  does  occur.  It  is  suggested  that  a 
carbon  exchange  may  be  taking  place.  If  excited  CO  molecules  are  absorbed 
on  the  AGOT  surface,  the  original  (CO)  bond  is  broken,  and  the  C  atom  is 
carried  away,  then  the  remaining  oxygen  atom  may  react  with  the  C  site  to 
form  CO  which  is  subsequently  desorbed.  This  is  only  postulation,  of  course, 
but  something  of  a  chemical  nature  is  apparently  taking  place  since  CO  is 
quite  obviously  not  as  inert  to  AGOT  graphite  as  is  N^.  The  experiments  with 
OO-CO^-N^  mixtures  (curve  III)  yielded  higher  erosion  rates  than  those  with 
C02~N2  mixtures  (curve  II) .  Carbon  monoxide  should  contribute  to  the  erosion 
rate  of  AGOT  by  abrasion  (mass  velocity)  effects  and  by  the  apparent  chemical 
reactivity  noted  above,  but  should  inhibit  the  CO2  reaction  by  competing  for 
adsorption  sites.  The  differences  between  the  curves  II  and  III  can  be 
accounted  for  approximately  by  equation  (7b),  indicating  the  higher  erosion 
cates  found  for  N2**C0''C02  mixtures  are  due  to  increased  abrasion.  Apparently, 
the  eentributien  to  erosion  rate  by  00  reactivity  is  roughly  off-set  by  the 
inhibition  of  the  reaction  with  CO2. 

^Actually,  this  effect  cannot  be  explained  from  incompressible  flow  equations 
since  the  velocity  profiles  at  0.25  and  0.5  inch  standoff  distances  would  not 
be  significantly  different  for  the  gas  velocities  employed  in  these  experiments. 
Theoretical  compressible  flow  equations  were  not  considered  because  the  effort 
did  not  appear  Justified. 
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C.  The  Erosion  Rate  of  21  Graphite  in  Nitrogen  and  Carbon  Dioxide 

A  limited  number  of  experiments  were  carried  out  with  ZT  graphite 
using  the  plasma  torch.  Hemispherical  specimens,  0.6  inch  in  diameter,  were 
used  in  the  tests,  and  the  orifice-specimen  standoff  distance  was  0.25  inch. 

One  series  of  tests  was  run  at  250  SCFH  of  N2,  SO-second  exposures.  A  second 
series  wss  conducted  with  ^^2'  ’’-Hiding  a  30-second  preheat  time  with  250 
SCFH  of  N2  followed  by  a  30-second  exposure  to  50  SCFH  of  CO2  plus  250  SCFH  of 
N2.  The  results  of  these  experiments  are  given  in  Figure  6. 

In  comparison  with  AGOT,  ZT  graphite  erodes  faster  in  pure  N2  but  not 
as  fast  in  CO2,  particularly  at  the  higher  temperatures.  In  contrast  to  AGOT, 
the  erosion  of  ZT  in  N2  is  linear  with  temperature  throughout  the  entire 
temperature  range,  indicating  that  this  material  is  more  susceptible  to 
abrasive  erosion  but  less  affected  by  chemical  attack  than  is  AGOT.  Although 
the  erosion  of  ZT  in  N2  is  linear  with  temperature,  the  slope  (^^/ST)  is 
steeper  than  that  for  AGOT,  the  curves  not  being  parallel  at  any  temperature. 
Conversely,  the  temperature  dependence  of  the  erosion  rate  of  ZT  in  CO2  is 
flatter  than  that  for  AGOT.  In  addition,  the  CO2  erosion  data  for  ZT  seems  to 
fit  better  when  expressed  as  a  power  function  of  temperature  (approximately, 
log  m^  a  4.25  log  T)  than  as  an  exponential  function  of  temperature.  No 
further  data  correlation  was  carried  out  due  to  the  limited  number  of 
experiments  planned  on  this  material.  Rather,  the  analysis  was  restricted  to 
the  comparisons  with  AGOT  described  above. 

D.  Studies  of  Tantalum  Carbide  Reactions 
1.  Low  Pressure  Experiments 

To  date,  a  total  of  37  wire  specimens  of  tantalum  carbide  (TaC) 

25  mils  in  diameter  have  been  studied  at  various  temperatures  and  reactant 
gas  compositions  in  low-pressure  (less  than  one  atmosphere  absolute) 
experiments.  Gas  compositions  used  included  mixtures  of  CO,  CO2,  H  ,  H2O 
and  argon.  The  results  of  these  experiments  are  tabulated  in  Table  1. 

In  these  experiments  a  TaC  wire,  25  mils  in  diameter  by  approximately 
t\^o  inches  in  length,  was  connected  to  two  electrodes  enclosed  in  a  two-liter 
Pyrex  reactor.  The  wire  specimen  was  an  integral  part  of  an  electric  circuit 
and  was  brought  to  the  desired  temperature  by  resistance  heating.  The  reactor 
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Figure  6.  Effect  of  Temperature  and  Gas  Composition  on  the 
Weight  Loss  of  ZT  Graphite  in  Flowing  Streams 
of  Nitrogen  and  Carbon  Dioxide. 
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was  evacuated  to  5  to  lOUHg,  charged  to  the  selected  pressure  with  reactant 
gases  of  the  desired  con^josltion,  and  the  filament  (TaC  wire)  was  brought 
quickly  to  temperature  for  reaction.  The  temperature  of  the  wire  at  its  mid¬ 
point  was  recorded  and  held  constant  throughout  the  run.  Weight  changes  of  the 
specimens  were  determined  by  weighings  before  and  after  the  reaction. 

Due  to  the  quiescent  nature  of  the  experimental  condition,  the  weight 
changes  reported  here  are  due  only  to  chemical  reaction  effects,  and  not  to  any 
mechanical  abrasion  as  found  in  plasma  torch  experiments.  To  aid  in  inter¬ 
preting  the  experimental  results,  it  is  well  to  keep  in  mind  that  TaC  reacts 
with  either  CO^  or  H^O  to  form  Ta202  or  other  oxides  and  that  the  melting  point 
of  Ta20j  (c)  is  2150“K.  incongruently  to  a  modest  extent  in 

the  ten^jerature  range  2000-3000*K  forming  TaO  (g)  and  Ta02  (g) .  Further,  it 
should  be  noted  that  the  mid-point  temperature  of  the  filament  is  the  highest 
on  the  surface  of  the  filament;  the  temperature  drops  several  hundred  degrees 
in  the  vicinity  of  the  electrodes. 

a.  TaC-CO^-Areon  Experiments  (Tests  TaC-2  through  TaC-12) 

The  results  of  tests  carried  out  on  TaC  filaments  in  C02-Argon  gas 
mixtures  are  shown  in  Runs  TaC-2  to  TaC-12  in  Table  1.  Filament  burnout, 
caused  by  complete  oxidation  through  the  filament  crossection  was  experienced 
only  in  the  3000*K  tests.  In  these  tests,  the  Ta20j  (1)  film  formed  by 
reaction  was  quite  fluid  and  coalesced  to  beads  on  the  filament.  As  the  beads 
coalesced  they  moved  along  the  filament  by  surface  tension  effects  and  as  the 
bead  passed  through  the  line-of-sight  of  the  optical  pyrometer,  the  temperature 
fell  due  to  the  lower  temperature  of  the  outside  of  the  oxide  bead  caused  by 
radiation  losses.  Due  to  the  fluid  nature  of  Ta20^  (1)  at  3000 ®K,  causing 
coalescence,  the  Ta20j  (1)  did  not  form  a  good  barrier  to  diffusion,  and 
burnout  of  the  filament  occurred  rather  quickly.  At  lower  temperatures 
(2500®K  and  below),  the  Ta20j  (1)  film  was  not  so  fluid,  remained  relatively 
stationary,  and  constituted  a  sufficient  barrier  to  CO2  diffusion  to  prevent 
filament  burnout.  Of  course,  at  1920'K,  "^^2^5  formed  and  also  pre¬ 

vented  burnout.  It  is  evident  from  the  data  that  TaC  is  severely  affected  by 
CO2.  It  is  also  probable  that  due  to  the  fluid  nature  of  Ta202  (1)  and  the 
flaky  (i.e. rough)  nature  of  the  (c)  coatings  formed  during  reaction, 

TaC  would  be  even  more  severely  attacked  by  high  velocity  flows  of  CO2 
since  the  oxide  coatinps  would  very  likely  be  scrubbed  away. 
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b.  TaC“C0^ -CO -Argon  Experiments  (Tests  TaC-13  through  TaC-18) 

The  presence  of  CO  has  no  inhibiting  effect  on  the  attack  of  TaC 

by  C02'  The  behavior  of  TaC  in  CO^-CO-Argon  mixtures  was  not  essentially 
different  from  the  behavior  of  TaC  in  C02“Argon  mixtures. 

c.  TaC-H^O-Argon  Experiments  (Tests  TaC-19  through  TaC-32) 

The  data  indicate  that  TaC  is  severely  attacked  by  H2O,  to  a 

greater  extent  than  the  attack  by  CO2.  Not  only  are  burnout  times  shorter  in 
H2O,  but  the  weight  changes  are  also  greater.  This  indicates  that  the  reaction 
mechanism  between  TaC  and  H2O  is  very  probably  much  different  to  that  between 
TaC  and  CO2.  In  particular,  it  seems  that  metastable  intermediates  (probably 
hydroxides)  are  formed  in  the  H2O  reactions,  which  permit  reaction  to  proceed 
relatively  unhindered  (explaining  the  low  temperature  burnouts)  and  relatively 
fast  (explaining  the  large  weight  losses  during  the  short-time  high-temperature 
tests) . 

d.  TaC-H.-H»0-Argon  Experiments  (Tests  TaC-33  through  TaC-37) 

In  similarity  to  the  influence  of  CO  on  CO2  attack,  H2  has  no 

inhibiting  effect  on  the  attack  of  TaC  by  H2O. 

It  is  concluded  from  the  low  pressure  measurements  described  above 
that  TaC  is  not  a  suitable  rocket  nozzle  material  for  motors  which  use 
propellants  yielding  large  amounts  of  CO2  or  H2O.  Quite  obviously  TaC  is  far 
too  reactive  with  H2O  or  CO2  for  such  use.  In  nozzle  service  the  abrasive 
effects  of  the  high  velocity  gas  stream  would  most  likely  scrub  away  the 
oxide  film  as  fast  as  it  formed,  thus  preventing  any  protection  of  the  TaC 
by  the  oxide  acting  as  a  diffusion  barrier. 

The  high  pressure  test  results  in  Table  II  show  the  strong  attack 
of  carbon  dioxide  on  TaC.  Above  2150*R  the  oxide  is  molten.  In  most  cases 
the  oxide  flowed  to  the  bottom  of  TaC  wire  exposing  additional  carbide  surface 
to  C02.  In  pure  CO2  above  2300"K  the  burnout  time  varied  from  3  to  10  seconds. 
The  burnout  time  depended  mostly  on  the  nature  of  the  oxide  flow  rather  than 
the  temperature  and  pressure  conditions.  In  rocket  nozzle  applications  the 
oxide  would  again  provide  even  less  protection  than  in  these  tests. 

E.  Preparation  of  Niobium  Carbide  Test  Specimens 

A  reproducible  method  of  producing  niobium  carbide  wires  was 
developed.  The  C/Nb  mole  ratio  (measured  by  weight  gain)  is  0.77  to  0.81. 
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The  vlre  Is  silver  colored  with  a  bright  metallic  luster.  It  Is  brittle  but 
has  adequate  strength  for  handling  and  mounting. 

Storms  and  Krlkorlan* present  a  phase  diagram  for  C/Nb  which  shows 
formation  of  two  carbides,  lIb2C  and  NbC.  Niobium  melts  at  4400*F.  Niobium 
and  Nb2C  form  a  eutectic  melting  at  4230*  ±  40*F.  From  compositions  of 
NbCo_35  to  NbCQ^52  the  melting  point  Increases  rapidly  to  a  perltectlc 
temperature  of  5600  1  140*F  at  NbC^  The  melting  point  of  the  wires  used 
In  the  study  (C/Nb  ratio  =  0.77  to  0.81)  should  be  100  to  200 ‘F  below  the 
maximum.  A  niobium  carbide  wire  heated  In  14  atm  of  carbon  monoxide  In  the 
optical  bomb  melted  at  6080*F.  The  wire  was  tarnished  and  had  a  weight  loss 
of  5  percent.  The  melting  temperature  was  measured  with  a  Latronlcs  Corp. 
two-color  pyrometer.  This  test  result  Is  In  substantial  agreement  with  the 
phase  diagram  of  Storms  and  Krlkorlan. 

The  procedure  and  equipment  for  preparing  test  pieces  of  niobium 
carbide  wires  is  similar  to  that  used  to  produce  tantalum  carbide,  A  25-mll 
niobium  wire  Is  heated  at  temperatures  from  4200  to  5000 “F  In  a  hydrogen- 
ethylene  atmosphere  at  somewhat  below  atmospheric  pressure.  There  Is  only  a 
trace  of  carbon  deposition  at  the  mounting  posts.  The  C/Nb  ratio  can  be  varied 
by  changing  the  wire  temperature.  Wires  have  been  produced  with  C/Nb  mole 
ratios  above  0.9.  Higher  ratios  can  probably  be  obtained  but  may  not  be 
desirable  due  to  the  reduced  melting  point. 

A  2-1/2  Inch  length  of  25-mll  diameter  niobium  wire  Is  mounted 

between  brass  electrodes  In  a  2-llter  vacuum  flask  (the  total  capacity  of  flask 

with  head  Is  about  2.6  liters).  The  flask  Is  connected  to  the  gas  and  vacuum 

manifold  and  Immersed  In  a  water  bath  that  Is  kept  below  50*F.  The  electrodes 

are  connected  to  a  variable  voltage  source.  The  container  Is  evacuated  to 

-1  -2 

leas  than  one  mm.  of  Hg  abs  (usually  10  to  10  mm),  filled  with  hydrogen, 
and  evacuated  a  second  time.  Ethylene  Is  added  to  10  mm.  of  Hg  abs. 

Hydrogen  Is  added  to  provide  a  total  pressure  of  500  ±  20  mm  of  Hg  abs. 

During  the  run  the  total  pressure  approaches  one  atmosphere. 


Storms,  E.  R,  and  N.  H.  Krlkorian,  "The  Nloblum-Nloblum  Carbide  System," 
J.  Phys.  Chem. ,  Vol,  64  (October  1960),  pp.  1471-77. 
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Voltage  Is  applied  to  the  wire  until  a  current  of  38  amperes  is 
reached  which  is  held  constant  for  12  minutes.  As  the  niobium  reacts  with  the 
carbon  from  the  ethylene,  the  resistance  of  the  wire  Increases.  Increased 
voltage  is  required  and  temperature  of  the  wire  Increases  from  4200  to  4500”F. 
At  the  end  of  this  heating  period  the  C/Nb  mole  ratio  is  about  0.55.  Extended 
heating  at  this  temperature  will  Increase  the  ratio  very  little.  Therefore, 
the  current  is  increased  to  45  amperes  for  a  second  12-minute  period  at  4900 
to  5000*F.  The  resistance  changes  little  during  this  period  as  the  C/Nb  ratio 
Increases  to  about  0.8.  The  composition  is  equalized  by  heating  in  a  hydrogen 
atmosphere  for  5  minutes  at  4900 ‘F. 

F.  Preparation  of  Pvrolvtlc  Graphite  Test  Specimens 

Hemispherical  specimens  of  pyrolytic  graphite  are  being  produced 
for  evaluation  in  plasma  torch  experiments.  These  specimens  are  prepared 
by  the  deposition  of  pyrolytic  graphite  from  methane  on  an  AGOT  graphite 
substrate  in  an  arc  image  furnace.  The  furnace  consists  essentially  of  two 
60-inch  General  Electric  search  lights.  Model  1942A.  One  unit  generates 
radiation  by  a  carbon  arc  and  the  other  collects  and  focuses.  The  specimen 
which  is  placed  at  the  focal  point  of  the  collection  mirror  can  be  heated  to 
temperatures  as  high  as  4000*F.  The  substrate  is  a  0.5-lnch  diameter 
hemisphere  of  AGOT  graphite  placed  in  a  cylindrical  quartz  shroud,  1.5  inches 
in  diameter  and  six  inches  in  length.  The  shroud  is  open  at  one  end  and 
closed  at  the  other  except  for  a  tubular  gas  inlet,  0.5  Inches  in  diameter, 
which  extends  into  the  shroud  to  a  point  3  Inches  from  the  specimen.  A 
typical  run  consists  of  a  short  purge  of  the  shroud  with  nitrogen,  introduc¬ 
tion  of  reactant  gases  into  the  shroud,  and  arc  initiation.  The  reactant 
gases  consist  of  methane  at  a  feed  rate  of  2.12  SCFH  and  nitrogen  at  a  feed 
rate  of  30  SCFH.  The  temperature  is  held  constant  at  3600*F,  and  the 
production  run  time  is  32  minutes.  A  typical  run  results  in  a  25-mll 
coating  at  the  stagnation  point  and  an  11-mll  coating  at  the  base. 

III.  FUTURE  MOBX. 

Work  is  now  comnenclng  with  corrosive  gases,  HF,  HCL  and  BF^,  in 
the  plasma  torch,  vacuum  reactor,  and  high-pressure  bomb.  AGOT  graphite 
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will  be  evaluated  In  the  presence  of  these  gases  in  plasma  torch  tests  and 
TaC  will  be  evaluated  In  the  reactor  and  bomb  tests.  Additional  tests  are 
also  planned  with  ZT  and  pyrolytic  graphites. 
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